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Abstract: Lenticular array products have experienced a growing interest in the last decade due to the very wide range of 
applications they can cover. Indeed, this kind of lenses can create different effects on a viewing image such as 3D, flips, 
zoom, etc. In this sense, lenticular based on liquid crystals (LC) technology is being developed with the aim of tuning the 
lens profiles simply by controlling the birefringence electrically. In this work, a LC lenticular lens array has been proposed 
to mimic a GRIN lentic− ular lens array but adding the capability of tuning their lens profiles. Comb control electrodes 
have been designed as pattern masks for the ITO on the upper substrate. Suitable high resistivity layers have been chosen to 
be deposited on the control electrode generating an electric field gradient between teeth of the same electrode. Test 
measurements have allowed us to demonstrate that values of phase retardations and focal lengths, for an optimal driving 
waveform, are fairly in agreement. In addition, results of focusing power of tuneable lenses were compared to those of 
conventional lenses. The behaviour of both kinds of lenses has revealed to be mutually similar for focusing collimated light 
and for refracting images.
Keywords: Liquid crystal lenticular array, GRIN lens, high resistivity layer, birefringence electrically controlled.
1. Introduction
Liquid crystals (LC) are a competitive technology being
adopted by many research works since the last fifty years.
Distinctive properties of these materials, derived from the
tuning capacity of their anisotropic properties, are unique
for some applications.
On one hand, research on non−photonic applications of
liquid crystals is opened and very new approaches are being
developed. One example are microwaves devices, a recent
and very active research field focused on building antennas,
phase shifters or filters based on liquid crystals [1]. How−
ever, on the other hand, photonic applications based on
these materials have already been extensively researched;
covering many diverse fields. Nanotechnology works are
dealing with carbon nanotubes applications and liquid crys−
tal – nanoparticles interactions [2], security is treating cryp−
tographic applications [3] and optical communications are
handling optical components that are easily integrated in
optical fibre systems. Some examples are modulators or fil−
ters [4], distributed sensors [5], beam steering devices [6],
aberration correction spatial light modulators [7], bio−optics
applications [8] and optical lenses [9].
Particularly, LC lenses with electrically controllable
focal length have been reported to show many feasible
approaches since the first patent of the invention in 1980
[10]. This essential focusing property represents a signifi−
cant improvement compared to conventional fixed lenses
because the use of mechanical moving parts may be
avoided. Also, static lenses involve complex manufacturing
processes for creating the surface curvature, procedures that
get more complicated if size of devices is reduced to micro−
metric order. Instead, plane surfaces of LC devices make the
assembly to standard optics easier, for example, attaching to
an optical fibre and can diminish production costs. LC len−
ses share their applications with conventional fixed lenses.
In addition to the advantages of LC lenses previously men−
tioned, lenses arrays based on this technology have shown
another advantages according to the specific application.
Small size and light weight are some strict constraints, for
example, in military applications. Many research works
have been reported such as focusing a light beam on a spot,
beam steering control in curved trajectories of light in bar−
−code scanners or imaging in optical systems using Fresnel
lenses. Low driving voltages, low power consumption and
trans−missive/reflective operation modes are also benefits
for driving the devices.
Many of schemes proposed for the liquid crystal lenses
are based on generating a gradual voltage across the lens
capable of reproducing a parabolic refraction index gradient
in the LC layer, so mimicking the optical behaviour of
a conventional lens.*e−mail: vurruchi@ing.uc3m.es
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Voltage gradient can be created by a complex manufac−
turing process designing a set of electrodes across a thick−
ness−reduced lens and applying zonal control [11]. Pat−
terned electrode method has been reported using dielectric
layers between the electrodes and the LC layer causing
a parabolic voltage gradient only with optimized distances
[12,13]; however, drawback is high control voltages (>50
Vrms). Hole patterned method removes the dielectric layers,
thus, reducing control voltages but non−optimal relationship
between lens aperture and thickness limits the aperture of
the lenses [14].
In the last fifteen years, modal control techniques [15]
have become an alternative for lens design that lack main
drawbacks of the previous techniques. Advantage is the
driving method with only one control RMS voltage at low
values. First research on modal control was reported by A.F.
Naumov et al. [16]. This technique consists of generating
a radial graded refractive index across aperture lens by
using a layer of high resistance sheet (M/sq), deposited
onto the pattern electrode as a control electrode. Sheet resis−
tance of the control electrode is a key design parameter. Its
value must be in the range of 100 k/sq to few M/sq for
lens diameters on the order of millimeters [17]. This layer
creates a voltage divider with the LC impedance causing
a hyperbolic voltage gradient across the lens aperture [18].
Different materials have been reported to act as a control
electrode layer, PEDOT [19], thin ITO layers [20] or tita−
nium oxide films [16]. It is not a simple task, indeed, to
obtain the exact thicknesses of the high impedance layer;
setting a thickness value must offer a good compromise
between impedance (which affects lens refraction index gra−
dient) and transparency (which concerns lens quality). On
the other hand, control voltages must be amplitude, fre−
quency and shape−optimized. Due to the capacitive effect of
the liquid crystal, LC layer impedance is frequency depen−
dent. In addition, one of the main drawbacks of systems
using these optical arrangements is the generation of aberra−
tions. So, the suitable choice of the voltage shape (set of har−
monics) can minimize phase aberrations caused by both,
non−ideal distribution of the electric field and non−linear
electro−optical response of the LC with voltage.
In this work, a special control electrode made by a me−
tallic layer for a tuneable cylindrical lenticular lens array
with modal control has been proposed. The main goal is to
mimic the behaviour of commercial lenticular lenses emplo−
yed in lenticular printing which can create different effects
on a viewing image such as 3D, animation, flips, morph,
zoom, etc. The proposed lenticular devices have the advan−
tage of getting tuneable profiles changing the shape of each
lens and also the focal length, thus, allowing the device to
provide a 3D effect. LC technology improves lenticular
sheet performance for 3D applications because the switch−
ing between 2D and 3D modes is achievable without decre−
asing spatial resolution. Also, an adjustable distance bet−
ween the observer of the 3D effect and the display can be
obtained, unlike conventional lenticular sheet method. The
3D effect can be generated with an auto−stereoscopic system
based on a lenticular sheet as depicted in Fig. 1. Stereoscopic
vision will result from the appropriate combination of two
images received from each eye by the human brain. And the
lenticular lens sheet, designed for 3D images, must have
a narrow, enough viewing angle (typically, less than 30°).
On the contrary, the so−called flip effect will be created
with a wider, enough viewing angle (typically higher than
40°). On both kinds of applications, 3D and flip effect, the
pattern on the display will consist of two images specially
combined on a display.
2. Lenticular device designing
The key parameter for designing a lenticular lens array is the
focal length of each individual lens. In conventional lenses,
an approximation of the focal length can be extracted from
Fermat’s Principle and contributions of Gauss to Gaussian
optics [21]. This focal length approximation has been the
fundamental theory for designing lenses for many years and
is given by
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where n1 is the surrounding medium refractive index, n2 is
the refractive index of the lens material and R is the radius of
a curvature of the lens. However, new proposal we are con−
Fig. 1. 3D effect using auto−stereoscopic system based on lenticular lens sheet.
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sidering is based on supposing that each lens of the array
mimics the effect of a gradient index lens (GRIN). Specifi−
cally, for GRIN lenses, the ones where there is a GRadient
in the INdex of refraction, an estimation of focal length,
fGRIN, becomes simple, taking into account focusing of the
parallel rays
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where R is the lens radius (half lens pitch), d is the thickness
of the lens (thickness of the liquid crystal layer) and nmax –
n(r) is the difference between the maximum refractive
index, nmax (at the optical axis of each lens) and the refrac−
tive index at the position r (that is at the lens edge). Thus, d
can be derived for a particular value of fGRIN according to the
application. The specific aim of this work has been focused
on designing an optic system based on a lenticular lens array
for generating auto−stereoscopic effect inherent in a 3D
perception.
In order to avoid adverse effects on vision, an observer
should be positioned at the appropriate distance, D, from the
screen (Fig. 2). Also, the 3D effect may not be visible when
the screen is viewed at an angle. So, designing the focal
length of the lenticular array must be defined for a precise
position of the observer in front of the device, thus size of
the viewing zone is equal or bigger than the interpupillar
distance, Dp.
By considering left and right views of the stereogram, so
that the observer’s eyes see only the respective views of the
stereogram, some geometric expressions can be formulated
for the angle  by equations
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For the specific prototype manufactured comb control
electrodes have been designed as pattern masks for the ITO
on the upper substrate. Distance between teeth of the elec−
trode is the lenticular lens pitch. So, if D = 50 cm is the dis−
tance between the observer and the lens sheet, Pp = 142.5
μm is the pixel pitch and Dp = 65 mm is the interpupillar dis−
tance, then the focal length becomes f = 1.093 mm. This
result can be compared with similar results reported in biblio−
graphy [22]. The shape of the electrode and the structure of
the LC device are shown in Fig. 3.
Additionally, the thickness of the device d is a manufac−
turing parameter of the lenticular device and a design objec−
tive. Specifically, for liquid crystal MDA−98−1602 from
Merck, with ne = 1.7779 and n0 = 1.5113 (that is 
n
= 0.2666) a focal length about fGRIN = 1.1 mm and a lens
pitch (double than pixel pitch) of 285 μm, the thickness d
becomes
d
R
nf
d
m
mm
m
GRIN
  
 

2 2
2
285 2
2 0 2666 11
346

( )
. .
.
  . (4)
Thickness value in the final manufactured LC lenticular
arrays has been increased by 30%, providing the devices
with the additional space to d = 50 μm, as in previous results
reported in this subject [23]. We have reported bigger focal
lengths than expected according to theoretical values, attri−
buting this effect to the saturation in the tilt angle of the mo−
lecules as switching, thus, diminishing the effective
birefringence inside the device.
Equation (5) allows us, finally, to relate phase shift mea−
surements (
) (considering Fresnel approximation), to
focal lengths (fGRIN), in order to confirm the validity of the
experimental results for both magnitudes
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3. Electro-optical behaviour of lenticular devices
Scope of this work is to compare the performance of LC len−
ticular lenses with commercial ones. Commercial lenticular
sheets with 100 lenses per inch (100 lpi) that is the lens
Fig. 2. Scheme of geometry of 3D imaging by lenticular method. D
is the distance between observer and lens sheet, PP is the pixel pitch,
and DP is the interpupillar distance.
Fig. 3. Structure of LC lenticular lens.
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diameter of 254 μm have been chosen due the similarity
between their lens pitches. The comparison has been carried
out by two experiments. The first consists of measuring the
focal length of both, the LC micro−lenses and the commer−
cial sheets by a simple method. Validity of this measure−
ment scheme will be confirmed by comparing the focal
length from this method to the focal length from interfe−
rence pattern measurements of the devices. The goal of the
second experiment is to explore the image generation of
basic forms from both lenticular systems.
3.1. Measuring of focal length
In the last years, micro−lenses of many applications are con−
siderably growing in quality and decreasing in prices. How−
ever, new approaches and improvements must be necessa−
rily accompanied by characterization systems of the focal
length.
First of all, focal length definition for micro−lenses
devices must be established. Micro−lens focus is standard−
ized as the distance from the vertex of the micro−lens to the
focus position [24]. That position is located by finding the
maximum power density distribution as a collimated beam
comes into the device surface from the backside. That
means that the effective front focal length differs from the
classical effective focal length since it is measured from the
lens vertex. Also, by reducing the size of the lenses with
array structures to a micrometric scale the focal length eva−
luation is not a simple task by means of mechanical mea−
surements made to a surface of limited aperture lens, such as
reciprocal magnification, focal collimation or auto−collima−
tion. So, further research has been directed toward the study
of the Gaussian shape of a laser beam [25], the lateral shea−
ring interferometer in transmission [26] or the bound−
ary−element method (BEM) [27]. Particularly in this work,
the standardized micro−lens focus definition has been used.
Focal length measurements have been tested by the experi−
mental setup shown in Fig. 4. The results are not so critical,
due to the LC device plane surface and the accuracy
measurement depend on the micro−positioner resolution.
Focusing properties were captured by placing test
devices behind a parallel polarizer with the rubbing direc−
tion of the lenticular lenses aligned to the main axis of the
polarizer. A polarized He−Ne laser beam ( = 632.8 nm)
was used as a light source. The high resistivity layer depo−
sited on the control electrode generates an electric field gra−
dient between teeth of the electrode. Consequently, distribu−
tion of electric field gives rise to a radial graded refractive
index across each lens allowing lens focusing when light
passes through the LC device. A micro−positioner has been
built to measure the focal length sweeping the position of an
X10 objective for finding the focal length. Finally, captured
images were recorded by a CCD camera. Figure 5 shows in
detail the procedure of measuring the focal length.
The procedure involves two steps. The first step con−
sisted of focusing the surface of liquid crystal lens acting as
the lens vertex at the initial position x. Next, the micro−
−positioner is remotely controlled for placing the objective
of the distance f from the initial position x capturing the
maximum of the power density distribution. The compari−
son between focusing properties of a cylindrical LC lens
array and a commercial lenticular sheet is shown in Fig. 6.
Focal length of a 100 lpi commercial lenticular sheet
was 0.74 mm [Fig. 6(a)]. LC lens array focused the laser
beam on 1.16 mm [Fig. 6(b)] as a 5.5 Vrms square signal was
applied to the control electrode. LC lenses and lenticular
sheets were both found to be comparable when focusing
a collimated laser beam.
On the other hand, viewing angle of both strategies, for
getting a 3D effect has been evaluated. This parameter con−
stitutes a typical feature of each lenticular scheme allowing
Fig. 4. Experimental set−up for measuring focal lengths of lenticular devices.
Fig. 5. Detail of procedure for measuring focal lengths.
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us to classify the devices for developing suitable applica−
tions intended for them. From Fig. 2 an estimation of the
maximum deviation angle of a ray leaving the edge of an
individual lens and reaching the corresponding observer’s
eye, max, can be derived as
tan max 
P
f
P , (6)
where Pp is the pixel pitch and f is the focal length. By dou−
bling max a viewing angle was calculated. After measuring
focal lengths, the value of max has been obtained from Eq.
(6). Viewing angle of the lenticular sheet is 19.5° and 14° for
the same of the LC array. Both are values for achievable 3D
vision applications with viewing angles typically narrower
than 30°. However, the viewing angle of the LC device is
narrower than that of the lenticular sheet due to the design−
ing condition of D is fixed at 50 cm. Certainly, that is a con−
sequence derived from the rule: the narrower the viewing
angle, the larger the viewing distance for 3D vision.
3.2. Image generation of basic forms
Individual lenses’ response of both lenticular sheets and li−
quid crystal arrays should be comparable at short distances
between the observer and the lenticular system. That is, they
should generate mirrored images coming from a back dis−
play, if the lens pitch size comprises some pixel pitches of
the display. For checking that behaviour, the experimental
set−up of Fig. 7 was implemented. Some stacks made of two
parts, the display and the lenticular system on it, were suit−
ably assembled and placed in the stage of a polarizing
microscope. Detail of a stack is depicted on the right side
of Fig. 7.
Two basic forms were displayed on the back display
[Fig. 8 (a)]. Forms consisted of a set of three consecutive
columns of a display (60 μm−pixel pitch), showing a special
recognizable pattern. Some captures were recorded by
a CCD camera coupled to the microscope, focusing the
objective behind the focal lengths of the lenses. Figures 8(b)
and 8(c) show the captures for the first stack (lenticular
sheet on the display) and the second one (LC lens array onto
the display), respectively. The same control voltage than the
previous experiment was applied to the LC lens, that is,
a 1 kHz−square signal of 5.5 Vrms. The result was getting
horizontal mirrored images from the original one for both
configurations.
Fig. 6. Comparison between focusing properties of a cylindrical LC
lens array and a commercial lenticular sheet: (a) commercial lentic−
ular sheet, (b) cylindrical LC lens array as a 1 kHz−square signal of
5.5 Vrms is applied.
Fig. 7. Experimental set−up for generating inverted images of basic forms.
Fig. 8. Captures of inverted images generated from basic forms:
(a) two basic forms shown in a RGB display, (b) 100 lpi−lenticular
sheet in front of display, and (c) cylindrical LC lens array in front of
display.
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The main image alterations were spherical and chro−
matic aberrations produced by the cylindrical LC lens array
in image generation. But recently, a mitigation of spherical
aberration has been reported in the design of modal lenses
[19], as well as aberration corrections with aperture reduc−
tion of the lenticular sheet have been proposed for auto−ste−
reoscopic applications [28].
3.3. Phase shift measurements vs. focal lengths
Finally, in order to confirm the validity of the experimental
focal length measured in the first experimental section, Eq.
(5) allows us to obtain the focal length (fGRIN) by the phase
shift measurements (
).
So, an experimental set−up based on placing LC lens
arrays between two crossed polarizers has been imple−
mented for capturing a typical interference pattern. A pola−
rized He−Ne laser beam ( = 632.8 nm) was used as a light
source. When linearly polarized light passes through the LC
device, ordinary and extraordinary waves experience spa−
tially uniform phase retardation caused by the birefringence
of LC, giving rise of a state of polarization change. At this
point, the second polarizer blocks 2 phase shifts and let to
pass  phase shifts, generating a fringe pattern or interfe−
rence pattern [Fig. 9(a)].
A×10 objective properly focused was placed in the path
of the beam to see correctly the interference pattern han−
dling this task with a micro−positioner. Also, interference
fringes were recorded by a CCD camera. To finish, phase
profiles [Fig. 9(c)] were obtained from interference patterns
[Fig. 9(b)] by a specially developed image recognition
program.
The same set−up conditions were established for com−
paring the results, that is, a 5.5 Vrms – and 1 kHz−square sig−
nal. The maximum phase shift from the parabolic profile
was 
 = 14·2. By Eq. (5)
f
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where R is half the lens pitch (285/2 m). The focal length
designed was at about 1.1 mm, but foreseeing the effects of
the non−ideal LC response, cell gap of the manufactured
device was increased. The focal length of the LC lens array
was at 1.15 mm by the phase method; this result is similar to
that previously measured by means of focusing scheme
(1.16 mm). The relative error of the focal length has been
assessed for both the focusing scheme and the phase
method. The absolute error is defined by the difference
between the theoretical focal length and the values obtained
by some of the previous methods. The relative error is the
absolute error divided by the magnitude of the theoretical
focal length. For the focusing scheme the relative error is
6.1% and for the phase method it is 5.2%. These results
allow us to conclude that both methods are fairly in agree−
ment proving the validity of the two experiments.
4. Conclusions
Comparison between electro−optic behaviour of LC lenticu−
lar lenses and commercial lenses, that is lenticular sheets,
has been carried out. A specific experimental set−up has
been implemented for measuring focal lengths by using
a micro−positioner controlled by PC. Focal lengths of
a millimetric order have been measured for LC devices.
These values have been found to be similar to those of com−
mercial lenticular sheets of a comparable diameter per lens.
On a parallel set−up, phase response of LC lenses has been
checked. A specific program has been developed to extract
the phase profile from the interference pattern. Values of
focal lengths obtained from both methods are fairly in agre−
ement. Thus, the use of both methods has been validated.
On the other hand, image generation of basic forms has been
proved for LC lenses. Horizontal mirrored images have
been captured with both kind of devices, LC lenticular
lenses and lenticular sheets. In conclusion, the manufac−
tured LC lenses have shown a response comparable to that
of commercial lenticular lens arrays. They are promising
devices to be used in typical applications of lenticular
arrays.
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